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Tct1\l1;3IT rori PI-L~T'fOF:i~}~A AJ~OCIATED ~"/ITH 
O.JCILLATOdY 1,10~~'/ IN DIFl~U0El1S 
by Andreas Albert Schachenmann 
ABJT~1ACT 
... 
An experimental investigation of oscillatory flow· 
.i:n ?J. difi"'user has been rilade. The diffuser l1ad the 
f:ollovvinp.: ~eornetry: conical, inlet dia.meter 2 in. , 
opening ai1gle 6°, length 12 in.~, area ratio 2.65. The)~ 
oscillations were created by a valve upstream of the 
diffuser throat. The frequency of the oscillations 
.c:ould be varied fro1n 1 to 15 cps. At the difi"'user throat. 
the oscil-iations were nearly sinusoidal· and had an 
amplitude of· 51~ to 16% of the throat mean velocity. 
It. ·was fowid that in a range of the Reynolds number 
.... 
.(based on diffuser inlet conditions) from 3000 to 10,000 · ~ 
a very large amplification of tl1e oscillation ampli~ude 
" in the diffuser core and in the boundary layer existed. f ~ .. 
r-t could be shovvn that this amplification phenomenon 
. 4. 
is lirtl{ed to the presence of transition froln laminar to 
turbulent boundary layer \"Ti·thin the. diffuser. At the 
. 
"° ·maximurn a1:1plifica.tion condi tio11 the wavelength of tl1e 
t1'9:.velling · v,a.ves in the diffuser core· seemed to match 
the wavelen€;th _ of Tollmien - ~3chlichting type waves for . 
1nax.imum amplification vvi thin the.: b·oundary layer. In the 
' 
. 
<.eynolds riun1bcr range invest-igated, th.e maximum am:plifi- . 
' ~ 
... Ji~ 
"' 
- 6·ation occured alir;avs for a· constant valu·e of tlie .. . . u 
dimen·sionless frequ~ncy-·paramet~;r,. the Strouh~l nµ.n1ber . 
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ABJT1{i\.CT 
I 
An experimental investigation of oscillatory flow 
in a diffuser has been made. The diffuser had the 
followin2; &eo1netry: conical. inlet dia~rneter 2 . 1n., 
opening angle 6°, length 12 in., area ratio 2.65. T~e 
oscillations were created by a valve upstream of the 
diffuser throat. The frequency of the oscillations 
could be varied from 1 to 15 cps. At the diffuser throat, 
the oscillations were nearly sinusoidal and had an 
amplitude of 5% to 16% of the throat mean velocity. 
It was found that in a range of the Reynolds number 
(based on diffuser inlet conditions) from 3000 to 10.000 
a very large amplification of the oscillation amplitude 
in the diffuser core and in the boundary layer existed. 
It could be shown that this amplification phenomenon 
is linked to the presence of transition from laminar to 
turbulent boundary layer within-the diffuser. At the 
·maximum amplification condition the wavelength of the 
travelling waves _in the diffuser core seemed to match. 
the wavelength of T.ollmien - Schlichting type waves fo·r 
.... -· - . ' - -.. 
maximum amplification within the boundary layer. In the 
Reynolds number range inv·e·stigated.,_ the maximum· amp:l:if'i:~ 
cation occured always for a constant value of. tl1e 
~ dime:nsionless frequency parameter, the .. Strouhal rturnbe·r • 
.... ... '"".• ..... 
._-_; 
J· 
···~· 
.,. 
···•. -~:-.;. 
--··-···-···---·····-·-·------·-----.-·- -~- ... -.~·_·-._ -·-"·- . .- .. ---::- . ------··· -· ,. 
-·1-. {. . .. -·- ·-- '• -~' ... ~ - -~-:-:-·. . . . . -
·: ,,. 
'.\ :- ... •, ,, .. 
"' . 
:· .-
,, 
-~-: 
•":, 
-~ --~ \ 
\ 
-------------------... , .._____________________ ----
,,, 
1. IifTflODUCTION 
1.1. Survey of Jxisting Publications 
In many engineering apnlications of fluid dynamics, 
we have to deal with unsteady (transient or oscillatory) 
phenomena. Particularly important is the dynamic and 
stability behavior of fluid systems. The work done in 
this area can be divided into two categories: 
a) Jerk related to the overall response of fluid 
systems to transient or oscillatory disturbances. 
Most investigations reported here use the frequency 
response of the system to describe its behavior. 
Oscillatory flows in long fluid lines have been in-
vestigated by B11 own, Margolis and Shah (1) V'lho treated 
the case of turbulent flow and Strunk (2) in the case 
of laminar flow. The pressure response of 1·ong fluid 
. 
lines has been treated~by Iberall (3). A few attempts 
have·beeri. made to 8.Il.alyze pressure and velocity oscil-
lations in :short ducts with varying area. Powell (4) 
\ 
and Eisenberg and Kao (5) treat-the problem of sound 
. p.r.opagation in short ducts, ~ssuming ·inviscid isen-
tropic quasi one-dimensional flow. Both papers ·report 
theoretical results _only. Informat·ion on the behavior 
. 
-
:of· ·shockwaves and waves in supersonic··· flow can be 
- I 
. 
'.f'ound in text-books on gas dynami-c.s e.g. Owczarek ( 6) •. 
' ' b) vVork concentra ..ting on the behavior_ of boundary 
lay.ers in unsteady flow. In the case of laminar .flow, 
. 
. 
j· ·:· ,- a considerable amount· o.f ~theoretical as well _as ex~ 
. . . 
., ,;..- . 
_______ :_·-----------~-------~-~-----~----~__:_ ____ -__________ -__ p e rime nt al. wor-k --·-ha-s---b-e-en--·do-n-e--.-·"··T·h·e-~mo"st--.. ·-·i·mpo rt a:nt · -----~----
. · theoretical results are sum,marized in Schlichting: (7) 
Oo._ 
. - . 
chapter XV. Hill and Stenning ( 8) -c9:rried out exper·i-
ments on laminar boundary layers with and ·without: 
adverse pressure gradients that.sho~ed good agreement 
~ 
-2-
.-, 
• I 
. ' 
' 
.. 
• 
_;.- ·:r_,. 
~:. 
;:.: 
with theoretical predictions. The effect of oscillntions .... 
on t}1c t.rai1si tio11 of t11e lc11nir1c,LI' lJour1clar·;,/ la~rcr· }1;:1:3 
been investicated by .i~iller ri.11cl i11 ej c r ( ~l) ~ rid ()rJ:rernr)k:i 
· and Fejer (10). A sunr:1clI'Y of t}1e most r·ece:1t nul1li-
cations on the tI'ansition behcivior of l::r: 1inrir-- bou·1cir1rJ' 
layers in oscillating f~Lovv is given b~,r Tjoel1.t"'l-:_e. ~-·1:·01"1':ovin 
i 
and. Fejer (11). Tl1ey point out ·tl1at the respon~::e of-1 a 
two-dimensional laminar boundary layer to oscillations 
in the free stream is well understood and documented, 
whereas there are almost no data available in the case 
of ducted flows. Only one experimental investigation 
has been done on the behavior of the turbulent boundary 
layer. Karlsson (12) carried out experirt1ents on tv-.10 · 
dimensional turbulent" boundary layers with zero pressure 
gradient. In a recent paper, D:'IcDonald and Shamr·oth ( 13) 
used Karlsson's data to analyze the unsteady turbulent 
boundary lay·e.r. 
1. 2. Ob-ject_iyes o:f· t_:_he T·he·si.s 
A:s point:ed out in the mo-st 'r·ec:ent ptfb.·licatd_·ons 
'O.n .os,9-ill:atory fl.ows ,. there i:S only ve··ry 1·imited :infbf-
in~t-ion available on the behavi.or of unsteady boundary 
.layer$ w-ith severe advers,e pressure grao.i·ent·s and o·n. 
·t·he- behavior "of µnsteady· ducted flows • 
. T'lre ~pr·es_e_nt_ _inv--esticg,atj __ o_n_JJvas iJli.t.ia:teq. to gi\re_ 
I. ;· 
' • 
·in:r.ormat·ion '011. ducted osc±llatory flovvs wit'h -an adve-I:--<s·e 
_p:rt3s.sure gr-adient. A· coni·c·a1 -axisymtnetri_c_a~~L---aiffuser'. 
... 
was. ch~Js·en to carry out the experiment·s. ·-The- ~ain .1:~fl:-~:Q:l! 
.. '" . ·.. ' .. ......... .... . , ..... · .. · .. 
Yl:t3.S that there are lEis:s .]__:ilcely to be sec.ondary flow 
effe.cts in axisymmetric ducts than in tvro-gi·mensional 
.ducts· •. Th:e wind tunnel b.ui.l t for the -i11.ves-tigation 
·· ... · :a1·1 .. 01vved tl1e L-ieyn.olds number based on the- diffus.er .inlet· 
' . .. . 
. I . . 
condi.tions Re to vary .from 1000 to. 40.,0·00. '11he frequ·ency· 
-3-
• 
,I 
.. 
.,, .. 
of the oscillations could be acljusted frorr1 ·1 to 15 cps. 
Thi s i • e ~; tl 1 ~ e d i 11 a v ~1 r· i at i on o f t 11 e cl i rn ens i o nl e :3 ~~; 
frequency po.rc1:1ietc..:r, tl1e .;t.roul1~ll 11un11Je1· f'r,01n 1 up to 
40. rr11is .r·a11.::e is V{el:L belO\V acousti c~~1J_ frequencies 
and CO Ve· -r-.'.. '".'l t • e cri· 011 ~- h Cl t 2· •:o O I'"' i· n·t er, .. -. '-.·· ·t 
. ,..J c~ - r·) IJ ... _ C.... ,...:> ,. , ,.J 
enc;ineerin{; ap lications. 'rhe amplitude of the superposed 
oscillations varied frorn 5·;~ to JO/; of the mea11 flow. 
~ome preli1nina.cy experi:nents sl1o'vved that the:ce v1ere 
unexpected phenomena occu.r·ing in a .{eyi1olds number 
1·ange 3000-< J.e < 10,000. These pl1el'1omena ai·e connected 
with transition of the v1all boui1dary layer frorn laminar 
to turbulent flow: It was decided to investigate this 
region more closely. The objective of this thesis is 
to shovv and e.x:plain the behavior of the oscillator~y 
flow in the diffuser in the presence of transition. 
-. ' 
.• 
:)· 
::, 
•f.• " 
,·,., ····--·--- "'_,..,.,,, __ ,..-: .. :.,:-.,....··-·-··--:· .. !--~··-~---_•c--;-;-·-· -:-:- ... -.,.:-=::-···-:--'~.····--..... ,.,.....-...., ... ---. --... -~--~---'·'."':'"--·---~·--··· -·-· --· ..... 
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2. DESCt{IPTIOif Oir Tlill EXPE:tirt1:~NI1AL APJ;A:{ATUS, 
IN ;J ·i1 _ ~U 1~1 L Nii\ it TIO N 1\i~ D L'IJ~ 1\ ~3 U { !~~ !,iJ~i-IT 1:·: ~ 0 CE J) U-·~ I~:~; 
2~1. Experimental-Apparatus 
2.1.1. General Descriution 
J.. • 
'·· 
The experiments vvere carried out in an axisymmetric 
wind tunnel driven by air from the laboratory cornpressed 
air supply. Figure 1 shows a schematic of the setup. 
A pressure regulator kept the pressure in front of 
the flow regulating valve constant. The air then vvas fed 
into a stagnation tank followed by a valve that generated 
the .oscillation superposed on the mean flow. After this 
valve~ the flow passed through another stagnation tank· 
w1;th a flow straightener (hon,'ieycomb) followed by a wire 
screen. The flow then was accelerated in a nozzle and 
passed through a section of straight pipe that could b~ 
adjusted to various lengths, into the diffuser. The 
diffuser discharged the air into the 1-aboratory . 
.. 2·.1. 2. Detail.ed D.escri-p·t.:t.on :o·f the Impor·t.ant :cornpo.r1e.n·ts. 
P~essure :R.egulator:. 
·• Tuioore· Produ.cts .C:q. :_Nfo:d-~l 4-2 }I 30. 
Stagnation 'Tank: 
.,, 
· Plexiglas.s tt.tb:e .. 6· :in.. diameter-~ .:12: ·in. 1,0.ng· .. ~ 
.Qee figure- 2. 
V.alve.: 
.": \I 
' ' A~schem.~t_i __ c .. of __ the· __ va.lve_ is sl1p-wn i:r1 figure J. The 
. v. 
. des··ign of the valve. is based on ari . empir'"ical ·trial 
. m~thod. The present form of the valve -will give .vel·ocity 
' . 
.... ,-,----~----.-- -.. -----·-·-+-- - - ~-~i.:uc·t-uatit>nEr···that·-··-ar·er~·v·ery- ··c1o·sery· ·sinusoidal. A sample··· 
·.o:scillo~cope trace is shovm in figure 3 ~ 
-5- .. '·. 
• 'l' . 
l 
' 
f 
, .. 
\ 
..) 
..... 
The valve functions in the follo\vint; \•1ay: 
A r'ectnn:'111la.r p.lute rotate~:; in ~front of a fixed pJ.ate 
\Vi th tvio OJJeni11r:s J~or· t}1e th1·0LiDJ1 flo·*'i' and t\"/O \'ent 
openings. Tl1e ve11ts open i.vhe11 the thr·ou..:~1! f.lor1 1s 
obstructed by tl"1e valve pJ_ate and t}1er'efor'e pr'e\rent 
buildup of pressu:ce in tl1e preceding ~-,;tar;na.tion ta.n~:. 
This pressure buildup causes a severe distortion of 
the sinewave signal, if the vents ar·e blo cl:ed. The 
amplitude of the oscillation can be reduced by moving 
the rotating valve plate away f-rom the fixed plate~ 
thus allowing more air to pass between the valve and 
the plate. The valve is driven by a variable, speed 
DC motor through a belt drive. The frequency can be 
varied continuously from 1 to 15 cps. 
Flow Straightener: 
The flow straightener is a honeycomb made of 
aluminum foil. The cells are hexagonal, 1/8 in. 
diameter and 3.5 in. long. 
'//ire Screen: 
Standard wire screen, 20 ·mesh, O .• O·j_:.6: i:1t.-•. 
.d:i-~meter, 46. 2% open area. 
No,zzle and Diffuser: 
. ... 
v.r:tre 
Figure 4 snows a dravvi:ng t:o .scale ... :~h·e no.z!Zle 
cc1Ittour is a circular .arc-. T·he nozzle- exit diameter •• '. • • . . • • . •• 
' . f 
a 
:is 2. O in. ,. th-e area ·r.atio. ·is 9: 1. The c.on:ical diffuser 
with an opening angle of 6-o (half opening angle 3°) has 
an inlet d.iameter of 2.0 in. and an out:le-t diameter of 
......... ·--~-··c·i----·-·· -·,--···-···-····-··· .3. 2.8 ... in· .• _, ~- is .... l.2. ~in ..... l.ong .. and. has an are·a rat:.i.o of 2. 6 5. 
. ,, 
J:_t tJ3. maq.~ of fiberglass . and·. epo-xy resi!\·· 
The diffuser geo~etry · was chosen. according. to t-he _ . 
recommendation·s g_iven by Sovran and Klo~p (14) and 
' ' 
·Kline et al. (1·5). It v1ill give near optimal pressure 
. 
. 
recovery with no stall condition at the exit in a range 
-6-
" .r:;· 
• 
" 
.... - ~ - ---- -
,· ...... 
• 
:• .. ~
" 
of deynolds numbers 104< :ie < 5x106 , and for inlet 
bound ar· .~r J_ a y e r· d i ~3 p ~l ~ 1 c e 1 n c n t t J1 i c >~ n e r-; ~_; e s () • 0 5 z. 6 ID< O • 0 0 5 
The 1 e 11[~ t l1 s c) I ~,; t ( · r1 i rs l 1 t tu 1J e l) e t \'v e en no ::: ,·: .L e : ,_r1 d cl j_ f f' us er 
could be cl1an(~ed. }'or tl1e present inver~tit~ation 011ly 
the confi[;llr'ation shovm in fi{~ire Ll v1r:,s ti:;ed. :3tattc 
pressure taps were located at tl1e nozzle throa.t ~ at the 
diffuser inlet and outlet and at three intermediate 
locations on the diffuser. At~each location three taps 
were installed around the circumference. 
2. 2 Instrumentatioµ and IJeasurement Procedures 
2.2.1. Measurement of Flow Velocity 
Flow velocity measurements were carried out with 
a hot wire anemometer system CGS Datametrics model 
4909-170. Two channels with linearized output were 
"-
available. The instru1nent was calibrated W'i th respect 
to~ pitot static tube before each measurement series. 
A sampl·e calibration curve is ·shown in figure 5 • 
A traversing mechanism allowed one hot wire to be 
traversed axially smd. radially within. the ditfuser. Tne. 
Other hot wire probe could be used as a reference at one. 
fixed location. 
. . . 
2. 2. 2. rviea:surement of Pr·essure 
For \p.ressure measurei;nents two· :instruments were 
available: 
_,_fls a reference and .f·ar small, ste.ady pressure'! stn 
. 
inclined tµ.be· micromanometer Flov1 c·o .... type !IIM-3" using 
/ 
/ 
-
········ -- - -· ·-·,-·-"-·-·-····--·--·-Bu-tyl·-as-~::::.wo~rk·ing.· .fluid,. was used •..... 
.. 
,. ' -
tt :,:~·-: 
... 
---- --·----·--.. ---· .. ------------·--·····------
For .pressure measurements up to .1 in·: water a Decker· 
' . 
:model 308-1 ~ifferential press~e transducer iiVas···"used. 
This instrument was c~ribrated against the micromanometer. 
-7- > 
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•· 
.. 
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2.2.J. IvTeasurement of the itoot Mean•square of the 
Velocity Fluctuations 
The roc)t mean squar·e ( d.i\1S) of the velocity 
I 
fluctuations measured with the hot wire anemometer 
,. 
could be obtained from a DI~A type 55D35 RMS meter, 
connected to the hot wire instrument. 
2.2.4. Hecording Instruments 
. . 
A two channel oscilloscope with a Polaroid camera 
was used to record data in unsteady flow. Measurements 
could also be recorded on a Honeywell 906C Visicorder 
(12 channels,, 2 cha.nnels operative). This instrument 
e1nploys miniature galvanometers that deflect a light 
beam by an amount proportional to the voltage across -~ 
the galvanometer. The trace of the light beam is recor·.de,x.l 
on a. photosensitive paper chart. 
.. · 
• .:..,. ---- "-'-«··· " 
. ,. 
'/ 
.. ·, 
\ 
,. . 
·.'·•"; 
----····-'-'..:·-·.;:,._. __ ,.._, ___ ................ ____:.,.,..!=..:........:__~:---·___.,··-·.;._-,_;:. ____________________ .;_;.:. . .;_;:__'..:-'-c-·-;-•"cc---.-··--:-:-·-..:·---.'...----~--'·..:-. __ ......:.-'.-· ... ..c:.._.,:._ .. _:. .... _,s,-,,, __ , _____ : __ :...____-=--.---:...------·---·-·------------- -
' 
.. . '· . - -------------- ---------------- .. 
. - -·· . . 
·-·11e··-····· .... .. .. -----· · -,--,---.:..,,, .... ,-c"c·.··:,·~ .. --,-· .. ,.., .. ,-..,...... ,-,···-··-··,···•• · .. ,·- .,:,· .. , · -:- --· -~c 
• .'"' ' . ' '' -- •. -·--~----,.--... . •. '' ,. ----·--·-· .:.<: •.•• ~----·. ---···----::--· ---·. . : .. - ~- ... ·- . . - - - . . .. ·. 
'. ,, . 
........ ,. ----:· -8-
' ' 
::- ·' 
~-
~' 
... 
• 
. . -- ... --- : ... :-.·- - -
The rne~J.sl1r·erner1t:3 in stc:Jtdy state had the purnose 
0 f {~ i Vi ll[: cl C J_ C (,l I' pi C t ur e O f~ t h C ~-~ t e ad y f' .Lo VI f i c 1 d i 11 
the di ff~ us e r-- • 0 nl :/ cl a. t a that ',)as f~ e; l -t t o be i .. 1 p (J . · l" ct11 t 
for the understandin{~ of tl1e p}1enornena in un~o;tc'.·d}r flov;· 
has been talcen. Iio attempt vvill ·be rnade l1er'e to 1Jresent 
complete pe:cforrnance cha1~8Jcteris·tics of tl1e diffuse1· 
comparable to data reported by Sovran and Klomp (1~). 
J.l. Velocity Traverse at the Diffuser Throat 
Velocity traverses acI·oss the throat were taken 
with a pitot tube. The results are shown in figure 6. 
The throat velocity profile has a slight dip at the 
centerline. The maximum velocity v;as measv~red at the 
edge of the wall boundary layer. For a ieynolds number 
4 ' Re= 1.77 x 10, the ratio of centerline to maximum 
velocity was 0.937. This slight nonuniformity in the 
throat velocity profile ts a consequence of the nozzle 
. -
contour. The circular arc nozzle used has a very abrupt 
. 
change in curvature at the nozzle exit. The radial 
pressure __ gradients caused by the nozzle curvature will 
. ' 
still be important at the nozzle exit and cause a 
.distortion of the ve:·1oci ty profile •. 
It' is important to define exa·ctly what· velo,c:it·ies_, 
will be used for reference. The following conve11t··t·oJ+ wa_s 
us-ed: .. . .. ·--- . -·-·---·-· ···--·-- --····-· ·-···-·-· ··-·····-. --- ·--· ~-----·--·----- -··•·· ···-·-- --···--- ·-- --
' - .... 
,:S··o-u..na.a.ry layers are .. alvvays nondiraensionalize.d YV:·i.t:h_ 
... ·'- -·---r_· ... e_·-s-p-ect to the f'maximum velocity- u · • 
·•·• · · · · _ • J •• . max 
.... ,- . ' - . . ~ ... 
_. 
.. 
___ --,--,·-=-·-·'· , . --· .... ~~-~o_ld~_ ~-Q. Strouhal n:un1be·ts are defin-e-d---as-------f-<l-llGws-:--------------------------
ucl D \. 
----... ----)) 
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u 01 centerline velocity at diffuser thro.at 
D thr~oat diarneter 
kineznatic viscosity 
uJ 1 ' . 
St= 
-------
W' frequency of oscillation in rad/sec 
1 length of the diffuser 
u centerline velocity at diffuser throat 
. cl 
3.2. Centerline Velocity Distribution 
The velocity along the diffuser centerline was 
_,/ 
measured using a straight hot wire probe. Velocity 
distributions normalized with respect to the diffuser 
inlet velocity at the centerline ucl are plotted in 
figure 7. The leynolds number is the governing parameter. 
In the Reynolds number range Jxl03< Re< 2x104 . 
a distinct change __ in_ the flow regime_ in the diffuser 
takes place. At low flow velocities Re< 3xl03 the 
flow appears to·be laminar throughout the diffuser. 
Because of the adverse pressure gradient, the-laminar 
boundary layer.is growing_rapidly, the displacement 
thickness is 1·arge and therefor~ there· is almost no 
diffusion occuring along the centerl·ine. At high 
Reynolds nwnbe17s,. rte > 2x104 , transition occurs close 
. 
-
to the throat and the boundary layer appears to be 
tu-rb-n-ie-nt- througlro-ut--th-e- remai·nder:---of---the~-~d±ffuser. 
~ -
. The--turbulent ·boundary layer can sustain a ).arge.r 
- -~--------_. -----------,- .... ·--·--··-·······T----·· -pre-ssu,r-e: ____ gradi·ent wi-tho·trt~"··'1-bl·owi-ng-··up'1·:" .... .,aird~""'··r·s··--~-gr-ow1ng--~----~---e~--.. .,.;.. · 
,. . 
more slowly than the laminar layer. This results in 
good diffusion along the centerline. 
-10-
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The continuity equation for inviscid, incompressible 
steady flow witr1 boundary layer . no gives: 
u.A. 
- u A u mean velocity 1 ]. 0 0 
A area 
• inlet 1 
"· 
~- 0 outlet 
-· 
u A. 1 
.. 0 1 0.378 - - -- - 2.65 -u. Ao 1 
This value is the maximum obtainable diffusion ratio in 
an ideal diffuser. The value u /u.·. measured at the 0 l 
centerline is u /u. = 0.485 for Re= 2x104 . As expected, 0 1 
there is less diffusion in the real case because of the 
presence of boundary layers. The displacement thickness 
of the boundary layer will reduce the effe·cti ve area 
ratio of the diffuser. · 
For intermediate Reynolds numbers, 3xl03< Re< 2x104 , 
·the laminar boundary 1.ayer separates. A transition from 
laminar to turbulent flow occurs, followed by a reattach-
• 
ment of the turbulent boundary layer. A distinct break 
_in the ·centerline velocity distrtbution marks the 
l'oc,ation of the reattachment point. 111 fi:gllre 8 41 tn-e 
location of the re.attachment po;nt i.s p.l.otte,d versus 
·the: flO·\'v Reynolds number. 
-To ·confirm the observations made above., .measuremeri-t..·s:: 
Cl:f the root mean square of the velocity fluctuations 
. 
. 
. 
i·n the boundary layer, as well_ a·s· detailed boundary 
·c·, .. ,-, .. ·, .. -, .• :layer t-~averses,·· wer-e- carried out. 
f· -- ... ,, ... -- ---~-- ---- - ----·- -· - - . 
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3. 3. Bounda:ry ]Jay er r.:easurernents at Different Axial 
Loc~Lt :i.ons 
Bound~1r·J' layer traver·ses \Vere taken at the diffuser 
t hr o n t i. ;,1-1 d ct i: a di st a11 c e o f' t:; i :r1 • f :co rn t }1 e th"?'"' o r =- t . 
A SJO)eci.::.J_ bottnda:.c·y layer l1ot wire p1--01Je ~;/els urjed. 'rhe 
nondin1cnsionalized profiles for two different Reynolds 
numbers are plotted in figure 9. 'ro o tJtain dimensionless ., 
plots, the following variables were used: 
u/umax' Y V urnax/ V D . 
maximum velocity 
kinematic viscosity 
," 
throat diameter 
These dimensionless variables were chosen ~y analogy 
with the Blasius similarity variables for the flat 
plate boundary layer. The throat velocity profiles 
should be independent of the .~eynolds number iri this 
coordinate system. The velocity profiles at the throat 
_are not exactly identical for the two Reynolds numbers. 
This deviation from similarity may be caused by the 
nozzle curvature. The circular arc nozzle does not gi v:e 
completely parallel and uniform flow at the noz~-,le 
. ' 
exit, a!ld therefore, a pres'sure gradient normal to the 
flow is present in the boundary layer. The shape of the 
p~ofiles is similar to the shape of laminar boundary 
layers in favorable pressure gradients.shoytm. in Schlich-
- .., 
• 
~-~ ·----------,---,··"7-~---t·i-·ng· { 7) chapt-e·~-fX-,-~-fi-gure 9-1. The- displaceine:n~ thi~k-
_;· 
.. 
' . 
~ess. at the throat ~s plotted versus_ the Reynolds number 
1.n figure 10. The line draffi1. represents. the Re dep:en~----.---· 
' denc·e, v~1-id for laminar boun_dary l~y_e~s. -"'.!!.---~~S_-~~ms _____ ih~a~t_· --===-----==-----~--=-~= 
the measuren1ent agrees ,,vell vvi th the i - power lavv •· The· 
velocity traverses ~t t.he- location x = 6 in. downstream 
.... .. ... ,-. " 
·-12-
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"' 
from the tl1roat shov, two p1~ofiles vii tr1 differ·ent 
~) 
cha1·rtcteristics. iLt ~{e =-- ~;. ()6 x 10->. tl-1e r1·r·ofiJ.e is 
s i r n i 1 c-t r~ t o t l11 · 1_1 Ll J_ c 11 t 1J o u11 d err y 1 c1 ye r· pro i~ i J_ c ! : in diver-
~~ en ·t c}1anr1els 1neclSLJ_r·ed by i~i},._u_r·c1..dse a11d sl1ovv11 in 
S chl i c}1 t ir1g ( 7) cl1a pt er L(I l .. f if:;ur~e 2 ,·.,. ~L. } 1or 
-I 
de = ~. 6c1 x 10_), the brealc in the centerline velocity 
profile ( figure 8 ) is located at x = 3 in. , that is 
upstream of the traverse location. At Re= 5.81 x 103 
the velocity profile has a very marke~ inflexion point· 
and appears to be close to separation. The location of 
the centerline velocity break is at x = 7 in., just 
downstream of the profile location which sugr:ests that 
for Re~ 5.81 x 103 the boundary layer is· still laminar 
six .inches from the throat. 
•. 
The displacement thickness shown in figure 11 is 
very large for Re 
Re= 9.66 x·103• 
3 
- 5.81 x 10, much smaller for 
') . 
3. 4. Iiieasurement s ()f t·he R..o.:ot Tiiea:ri- $:Q.:=\I'a.re: ctf tn·e 
Velocity Fl-uctuat-ions 
' 
Measuremen.t·s of the RMS 0f t:he velocit·y-_ fluctuations 
were taken in the boundary lay·er along the diffuser at .. 
a location where the mean·vel_ocity was 1.93 ft/sec. For 
the measured Re ==5.36 x 103, the J_ocation_of the 
:"reattachment point according to f·igure .8 is x = 7. 5 . in. 
The rtMS fluctuation n1easurement {presented in f_igure 12) 
. 
shows that shortly before this point" the RMS fluct-uation- · 
__ ., ... percentage-., s~a:F~ts,.to- -gre .. w rapidly. This-- is an -indication 
of transition anci confirms t·he conclusions drawn from 
. 
. 
measuremertt.s .. of. mean velo·c±n-e--s~-·-ai:ong·the centerline 
and in. the boundary. layer. The RMS measur(ements along 
,' 
the, centerline shovv a much smaller increase in turbulence 
' " 
{~ntensi ty indicating that the turbule:qce in the core flow 
is ·still small.· -13-
.... 
.- ~ . -
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.  
3. 5. ~3wnmary 
The boundary layer at the diffuser tlrroat is 
lami11f1r. ,\.t lov, .?.eynol_ds nurnbers, sen:.1ration occuJ"S, 
follov,ed by transition and reattachment of the turbulent 
boundar~r layer near tl1e diffuser exit. For ;~~ey11olds 
numbers greater than 104 , transition occurs close to the 
throELt and tl1e boundary layer is turbu.lent throur:hout 
the diffuser. As the ~{eynolds number is increased from 
3000 to 10,000, the reattachment point moves from a 
point near the exit to a loc~tion near the throat • 
,:;, 
· ... : 
•. 
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,; + ., . "--t::.' 
. ,,.. 
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"""'f'l e· '>} 0 l.' e "l • l O ("' (' 1 , ·r lJ • l . ' . . .. t ~.. -· · .• ~ ·-' ' ... ·\. ...... . t. . . . 1' J . " ... ~ w· ·- ' .-... "' ~ ,j ' ~- - • .- l'"" ,·,· .1. ~ ! _L 11 L., ! : e _ . ow re : · 1. o . ~ 
. f. t. •1 I ·1 . ') • 1 a,,. 11 ,. _,_ . 1 c ( ,. . . o n 
C '· .. ~ r'r; (" .1. Cl ·, '1· r;" e d 11 .. . .. ( "'" , L, v , ~.J 
by ·tl1c IJ1·c~..;e;1cc: of t~c~~.n:·,)ition in tl1e dif1'tlsec. '.rhe · 
i11ve ~~ ·t j-:3"~i ti o 11 v1~Ls caj_'ri e d o v~ t i11 t·}:J. e f o J. l owin::: r., tens: 
::t) }l1c e;=istence of these phen.omena v:;:.s docurnented 
by rneasu::·i11e oscillation amplitude and pl1ase 2,t the 
diffuser tl1roat and coi:uparin{~ ·them with the an1pli tude 
and tl1e pl1:·:se of tl1e oscilJ_ation at the location x = f; 
in. dovmstream of the throat. The flow f{eynolds number 
was va_:·ied to deter~~ine its limiting values for the 
existence of amplification. These measurements are 
reported in section 4.1. 
b) The amplification of the center .. line oscillation 
amplitude was investigated by taking detailed measure-
ments of the centerline amplitude along the diffuser. 
At the same time, measurements of the centerline mean 
velocity gave the location of t.he boundary layer 
reattachment point in the pre.se.nce of oscillations. 
( s. e ct ion 4. 2 • ) 
c) For certain values o.f the .frequ .. ency parameter 
I 
.(Strouhal number) large amplification of the centerl·ine 
~ 
oscillation was observed. The next series of measure-
ments showed the depender1ce of the maximum an1plification 
on the a.eynolds number. At· the sa1ne time, the wavelength 
·of the travellin~ vvave~ in. the diffuser·· C·O-re :was 
measured. (section 4.3.) 
d) The ea-rlier measµrements :~~J'.l.$~fitTated on-t-h-e~---'"'---~--"~~-~~· ~---------c 
' ' 
, investigat-io.n ~f the flow- in t_he diffuser· cor~e-~ Tlie 
behavior of the boundary layereis discussed in 
" 
s·e·ction 4. 5. 
-15- . ' 
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e) In section 4.6. it is shown that the flow in 
the diffuser' core r111d in the 1Joundary layer' can be 
lin}ced tor~ctl1er"'; tl1is su.:-:..r:e~Jts a coru1ection between 
Toll1nien-.3chlicl1tine:- type waves in tl1e boundary layer 
and the travelline waves in the core. 
4.1. mapping of the Flow Regimes 
To map out the flow regimes in oscillatory flow, 
\ 
the following method was used: One hotwire probe was 
placed at the diffuser throat and a second hot ~ire 
sensor \Vas placed a·t a distance of 6 in. do,vnstream of 
the throat. Some pictures of oscilloscope traces will 
-illustrate the flow phenomena (figure 13). The ratio 
of the velocity amplitudes can be used as a measure of 
·the amplification, because the same prearnplifier setting 
on the scope was used for both traces. The amour1t of 
.preamplification is different for different B.eynolds 
numbers. 
The behavior shown on picture A is typica·1 of low 
neynolds number behavior (3e < 3x103). There is no 
.i :amplification of the oscillatory component do:Wrls:t·r~~m { . 
) 
o:"f the thro:at .• The- pl1ase shift betwe~n the two traces 
sugge:st·s t-hat th-ere are travelling waves present in 
. '(:. 
th·e diffus .. er •. (A standing wave would show no p11ase 
- . ~ 
. . ~ ' 
. . 
, difference b.ecause the. ·a·i.:r. wo\tld, vibrate. like .. a ri.g~d, · .. 
·. CQ:J..~.) 
Pi_c.tures B and C show: a~ ve.ry marked amplifi_cat.i9n. 
·_ of·;?~the oscillation ampli t~de downstream of· the. throat .. 
~ . . 
- - -- - - .,. 
- . -· -- ·- -··· ··- ......... - ---- - . ------ ·-- - -·--- ,--.- .. -- ,,-··--- ··-·--·-.- - - -~ -~-~ -- --~ ·-·- - . ---·,-----:--·····-- -·-- '' - ·: - -
- ~h-e flew is· s,ij.11 laminar and phase ·shifts ·1ndicat'e 
. ',, ,. ' "-,, ..• ·~_,j,,,.:11,\n . • 
the presence" of travelling V'laves. 
~ . 
. -
In pictur~s D, E, and F, there is still a signifi~c'., 
. 
,' 
. ' '. 
:¢.ant a~plifiqatio~ of the oscillation . ' amplitude··> Tbe 
appearance of the trace .downstream of the throat _·j.s 
I -16- ~ 
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more ~Lnd rnore turbttlent. ,.;\ t the same time, the phase 
Sh i f'' t !~: t t ~ !"' t ~3 t O d i S ;1 :1 l) C (:, r . 
l r1 p i C t Ur .. C S G ~11 d ; : . the d O Wl1 St r~ C (l!11 CO r· e f ]~ 0 VI i S 
definitcl:/ ttlrlJ11lcr1t. r.r11e o-1npliJ'ic;·itio11 is f~adj11/-· r:1\vr:1y 
(in pictu2:·c l-I t11.c:r·c is ar1 cltte11li;~~tio11 of tY1e 
a11d t11e oscillc:1tions arc in nl1:.~-se at t}}e ·i.v10 
,--, :nn 1' "L .. I. ud e ) cL... . ... l• 
' 
l o c: c:L ·t i on s • 
The f'reestream a1nplificatior1 uhe11orne11on t1'1ctt occu.rs 
in tl1e intcr1nediate 1~anr:e of t.r1e ~eynolds numbe:c 
(2x103 < Re -<. 104 ) is unusual and has not been renorted 
previously. Lo ehrke, I:ior·lr~ovi11 and Fe j er ( 11) report some 
amplification pl1enomenc~ in oscillatory bow1dar3r layers. 
but they did not do any detailed investigation. The work 
done here therefore concentrates on this amplification 
phenomenon . 
• 
4.2. Behavior of the Oscillation Amplitude Along the 
Diffuser Centerline 
In order to investigate tp.e behav.ior t>f- ·t:ne a11pli-
t-ud.e of the: velocity osci·11ation -alon_g the diffuser 
ce·nterlihe, me·asurements of the me·an vel-ocity and the .: .. 
. o .. scil,lation amplitude were ta.ken a.t-· various location·s 
a1·ong the diffuser. Three di'ffe:rent Reynolds numbers: 
in t,he rar1ge of interest v.rere run and at each ~~~eynolds 
numb~r three fre.quencie·s w.ere investigated. Th~ 
,. .· .. 
·~:rsct+.i~tj_on ~mp:iit1.1.de at the diffuser throat had values 
·from 5% t.o 16% of the ·.inlet centerline veJ.ocity. The. 
result:s ar·e plo-tted in figu.res 14., 15 and 16. 
·Th-e. rneaxi ve-locity profiles are discussed fi.rst. l. 
---"···-~·--·--------~-·--·~~-- ·-'-"-'--7·'.'·.' . 
··P· .. .. . 
. ,. ·.,<> ··-··-·· The· location of th·e break in t,he mean velocity profiles 
. . 
is plotted in figure 8 for both,stead~ and oscillatory. 
:flow. Reattachment oc,curs earlier with oscillatory flow~ 
Thi:s is t~o ·be ·expe·ct~d, 1?ecause the superposition of . 
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the oscillatin~ flow component will introduce a hi~her 
1 e v e 1 o :f t u 1 ~ t > 1-1 ] e 11 c e i n t (.; ·, 1 r.; j_ t \r .: ~11 d i 11 r :~ d c1 j_ : • ! o 1 1 • t J1 e r~ c ,, 
ar' e 'J ' \ r I ·, r (_' 1' i : i ·r· 'Fl Olli C C ~ n .. 8·' c• -..::i r1 t .; · 1 · ,::'J t l - ...L l - , J •-) J.' -. . • - ., • . ...J J. ,.) t:: ~ J ll . i Lv \vi 11 c re c:1 t e di s tu 1"\ -
ba.11.c e :J rri ·t 11 a \Vi de r· anr:e of f 1· eq uen c i es • 
I10 ,J.:.ii1g- Ett the 2rnpli tv~d.e of tl1e osciJ_latio11s along 
the dii"'f'user.. it is iL1portan·t to note that tl1ere is a 
... 
cert2~in value of tJ1e frequei.1C:l parameter (Strov~l1.al 
nu..rnber) v1hich vtill :sive very la1"tse am·olif.ication. For 
~ 
a value of the Strauhal number- a1~ound 9. 5.. an ampli-
fication ratio of up to 5 can be observed. ~he ampli-
fication starts at a point where theboundary layer is 
laminar, shortly before the transition region. It 
reaches its peak value downstream of the reattachment 
point and then decreases towards the diffuser exit. 
If the frequency parameter val~e is not in the optimum 
range some amplification will still ·occur, but it is 
not as large as in the optimum frequency range. 
'. 4. 3. I'YTaximum Amplification and Tra.vel.li.ng \Vave Be~avio,r 
4.3.1. Maximum Amplificati:o··n 
In section 4. 2. it vvas: shown that· t.here is a 
marked maximum amplific·at·ion of the .ce·nterline ampli-
, - ' ' 
. -
tude for a preferred frequency. To g-et a· clear· picture 
of the frequency and i~eynolds number dependence of the 
maximum amplification, the follovving experiment vvas 
carried out: For ·a given mass flow rate (Reynol·ds 
· number), the axial position of the hot wire prob.e along 
ii" 
the centerline and. the frequency of· the :oscill_~tion 
.; 
" 
.., 
·were changed" 'lllltil-}i -maxi-mum· amplitude was found.-------.-----------------·-~--·----·-··.··-.-
11 
• 
, s --·---- _____________ :·_ - -- - ----------------- ------·-------~-~~--_:__-------~ 
--- ·-- --
Then the probe was ___ move-d t.o the .diffu.ser throat and the ---- - ---·----
diffus·er · inle·t amplitude was measured. 
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The !·esul ts of tr1is experiznent are prese:ited i11 
f . -- ·1 '7 •, 1gures . d., J_ 7 T3 • 1' }1 c . : t roll l1c1]. 11 ti1n be r :-!:t rnax i. ~·- t1.::i 
an1p1i· f'1" ., .. ;·ti' or·1 1· ,·, • • .. _.,_ (._ , <.. ,-4,,, ~ • ......._, 
_., 
. l e y r1 o 1 d s 111trn b e r · s in v e st i .: ~at c ci • I t has cl v a J_ u e o f about 
) ' 
C, 5 lr_~1.,.0l 1' 10->,.,,, . .l O < 104 'l 1}1n a- ·,-.1nl1' .1~1· cr:.·tJ· 0}1 - ~ti· 0 .,1 • ~ , l "'- • L IC • .,. ~ 1...., ; •• _ _L C.-1., _ • _l _ r Ll. 
( :naxirnlun c1IJ[lli tude ove1~ i11le·t a1:lf)li tude) t.!.clS a maximum 
value of 5.6 at Re= 2.3 x 10 3. At the throat the inlet ' 
an1pli t~udes varied from 5}{ to 15~;-~ of tl1e meru.1 tl:r·oat 
velocity, but the amplification ratio is not dependent 
on the magnitude of the throat oscillation in this range. 
4.J.2. Tr1avelling ·ivave Behavior 
It was shown in section 4.1. that travelling waves 
can be observed in the transition region. Measurements 
of these travelling waves in the range of maximum 
amplification were made in the following way: The use 
of the second hot wire probe (stationary) permitted the 
measurement of the phase shift occuring when moving the 
hot vi1ire sensor at the centerline forwards or backwards. 
A sample picture of the measure.ments is shoWh ,in figure 
- -
-is. The phase shift m-easu.red th.ere is half a wavelengtli 
(1:8.0°) in each d.irection. 
-. 
The vvavelengths nondimensi-o-nal:iz.:ed. -:with- r·~:spect · 
to the diffuser throat diame.te1~ ar~ pl,o-t:te:d versu_s_ the 
,, . 
. ~?.eynolds nwnber in figur·e 17 G •. 
I_t vvas not poss.ible .to -~e.asure· --wav.e-1:engt:h~s ,fo·r th_e 
• 
high and low boundary value.s of the Reynold-s· .number ... -~ ~"~--:----~.:-----
-In the intermediate Reynolds number rang~ _th:~ waveleh€{th 
-seems to be almost. constant •. Ot:.her· mecisu-r-errten-t--s- ,-=I=-t~a~k"-.£.ea.¥n'l--_----,--~~~~~ 
,-
:at Strauhal numbers slightly off the maximum amplificatio:n 
value confi1~m tli-e_s,e results. (no:t. presented in figure 17) · 
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4.4. I1Iaxi1num 1'.~er1terJ.ine 1\n1plif~ication as a Function 
of the OscilJation Prequency 
To dct er~::ine tl1c denenclcnce of tl1e ~aximttm arnpli-
f i cat i or! at t 11 c c c 11 t (-; .c J_ in e on t r1 E.: o s c i 1 ·, at i o 11 fr· e q Ll ency , 
a serj_ e~3 of n1e cl0 l11~cn1e 11t s ,-;re··e . ' . 
{e:,rnold~3 11umbe1--- nea.:· .tl1e v2.lue for r.1~1x:in1Uij ar1plification 
found ir1 firr,ure 1 7, ~l1e f.cequency \\.'2S va1·ied. }1or ee,ch 
value of the frequency the ratio of the inlet amulitude 
to the maxi1111lrn amnli tude v-1as Pre corded. The results are 
..I... 
presented in fie~ure 19. 
The maximum ~mplification ratio has a value of 5.2 
and occurs at a Strauhal number .. of 11. Tl1is compares 
,. 
well to the results of section 4.j. where the maximum 
amplification for de = 2. 3 x 103 is 5. 6 at Strouhal = ~-. 5 .. 
The difference in the value of the Strauhal number 
is due to· inaccuracies in frequency and flow velocity 
·measurements. iii tl1 the hot wire system used, ·flow 
.tit . 
velocities were reproducible within 10% only. T:he 
o~cillation frequencies were evaluated from oscilloscope 
tra~ce·s and therefore are of li·mi ted accuracy also. 
4.5. Boundary 1iayer Traverses 
At first g·l·ance ~ the. am_plif-i.9:a·t·io·n of the :center-
. l.ine ampli tu.de· seems to ·violate t·he conti·nui t_y equation. 
'.I.f we assume potential flov1 i:n the c·or·e and ne2;lect any 
¢.·o.rnpressibility ·effects, then the continuity equation 
. . . . . . ..... ,. . ......... , .............. __ ...... ..... . . . ~ . 
,., s:hould apply to· mean v~loci ty .an:d fluctuation.s ( assumed 
to be small) separately. If th~ ar.o.p.litt1de of_ ....... the--fl1.1c~ 
- . . . - .. -~ ...... --·. ............. ·-. - ,. --·-- --~ -:·, .. -.... _____ , __ ...... -... t~tiiit''i··oris"·---r·s---·-unr:r·o-rni---·~over·· the----cros·s~:se ct:1·oii-·-·-·--··tJ1-ei1""-···: in a 
~~--. ~ .· ' ' 
~ .. 
. 
. ' 
._duct with increasing flovv area, .th~. ampl·it~de of the 
.fluctuat.ions should decrease. This is not- ·t.he case here • 
. f,ollowing· explanf;l.tions can b~ given: 
-20-· 
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,nt'.... ' 
For the oscillatio11 rtrnpJ.i.tude to inc ·eaf1e in the 
fl d . . I . . , 0 "I J r .-."' c· · · 1 c·) r··1 11·1 • J 11 · c ·1 ' '; - . . . L ,, ) - . C..i. ( .J. lJ . . ' i i (. r l.,: i i:, .L r1 _· r r::. r, c· :-1 
. - - ... . , -~ ' • a...J ,... ... ... ' • (' ·~ ,..:. ..... - • 
disp.L:}ce .. :C.f1t L!:·i.c1_11c:.;;: ()J. t,l!e 1)c1 1J.;1cl:··_r .. i/ ·1_;,_ver !:1ur;t 
' L 
osci]_l;~te \'/1_·t}! ;121 <lL;nJitttcie sL1i·.!·.icie:1t 1_-._, ,r-rcc~ .. t to 
,; 
, i r ) 
pro d t1 c c s u 1J r; t ant j_ ~ 1. J_ c; o , i. ;·; t 1~ i. c t i o 11 o f t L c · : o : · e fl ow • 
Fur .. tl1er .. ?;~ore., ~(or· 11a:-~i~J1ir:~ c:i'1'cct t11e ~ve·Locj_ t\: oscillations 
' . 
in the boundar:'l laye1" should be lo0° out of pl1c..Lse vli th 
the velocity oscille,tions c:.t tl1e tr1roa·t so that ·the 
di8JJlacen1ent thich.ne!3S is a r;1axirnurn (nnd }1ence tl1e core 
flow area is a miniE1u111) v1l1en the volume flow rate is 
greatest. 
It is therefore important to gain further insiGht 
ir1to the behavior of the oscillating flov1 component 
across the cross-section. 
, •. :J 
Detailed measurements of the boundary layer (mean 
velocity and oscillatinL, component) ~re made at the 
'-. 
axial locations x = 0 in. (throat), x = 3 in. and 
x = 6 in. for two _{eynolds numbers. ,, Strouhal ~number 
in both cases was around 17. This value \¥as chosen 
b:ecau:se it -t1ill give better shaped (nearly sinusoidal) 
_s:ignals · than the raaximum arnplification value Jt = 9. 5. 
. . 
--- . 
· The measurements for 11 e = 4. 54 x 10,3· a.re shown 
i·n figure 20 • 
The me-an ve1o·c·ity pro·fii.es are: t~i-miliar= i·n shape 
...... 
. I 
t .. o '11}1e pr-.ofiles measured in, stea.dy flo~-. At -t11e l-0-catien. -
•.. 
:x ·= 6 in-... the boundary. layer i._s at ·the verge -of separation 
·With :a .mark·ed inflexion point in the profile. The 
boJ.mcl.ary layer displacement: thicknesses for the thro,a.t; 
and x = 6 in. are· plot-t-ed in figures 10 and 11 use.d 
for steady state. \Vi thi,n the ~ccur-acy, of the measu.~e·ment-s: 
the1->e seems to be no effect of· the o.·scillati:on ,on t·he 
displacement thiclmess .. 
. -21-
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The velocity oscillr:ition arn}1li tude at tl1e locations 
X = 0 in. L:.fl U ... ,. ' -· ~ .... ' 3 i11. is 11e1·y 11e;~ ·J_y ('0!1.~·tctr1t ¥ ; ( __ \ .... ,, 0 ..-. ___ ' 
'( ~ • - ... ' 4, -~ 
the duct. ·11l1e uoundrrr-21 J_c~~/c ·.· of' t11c oscil:l.~L ,.ir1r: co;nJJ011e11t 
( in litc1·c1ttlr·e ::;0Inetin1e::.; calJ_ec.i cLC-rJoW1dtL1 .. ~,r J_n:re !') 1~·: 
much tl1il1ner~ t}1an tl1e rnea11 velocity l)our1d~::.r·:1 lo,:1c _r. At 
the loco,tion x = 6 in.~ 2. ve1""jr !Jeculiar~ pl1e11o;i1e11on can 
be obse1---ved. l1his pl1enome11on is docurner1ted b~r a series 
of oscilloscope traces. li'ir;ures 21. 2;-1 B .. nd 23. 
Very close to the ~all. there is a layer that 
oscill~tes with twice the excitation freouency. The 
oscillation is in phase vii th tl1e core oscilJ_ati 011.. 
Tl1is layer is folJ_o 1Ned by a tl1icker layer where tl1e 
J oscillation amplitude is growing and is 90 out of 
phase with the core oscillation. In this region the 
amplitude will reach a maximum value and then will 
decrease towards the.core amplitude. All these phenomena 
occur within the mean velocity bouridary layer.,Towards 
the edge of the mean velocity boundary layer.. the· 
oscillatio~s are again in phase with the core oscillati¢n 
'and reach the core amplitu_d:e .• The core amplificatio:i;.i 
rati.,o is 1. 73. 
_T __ ._h. lt f R .-, 6.- s·· 5·· 103 - -- h - ;_ .. 
· e resu s- ·o·r ~ ·e ...... · ,_ •. -·:· x -- ::: .· are s own J.:n 
:::figur·e 24. 
Here, the mean ve::Lp.c.·ity 1,tofi1·e·s· sJ1ow tJ1a.t ther·e 
i.)l ·tran.si tion b·e.t·ween the lo·cations .x =- 3 in. and 
x = 6 in~ Th~ profile at X = 6.in. is typical of 
·- ___ . . _ ,. ··-··-··· ., ., . ,, .... _., ... "' .... ",~--a ..... tur.b.ul-en t~- b,o.u.11.dary .... :1 .. ay. .. e,.r ...•. ,.{ s.e .. e .... se_;ct i.o n -3 ·.--3) ,, 1I' h-e~. ,. . --- . .,, -... ,-- .. -
-----------------·-·--.. ------- ·_ .:.------~ ·_ - · · d±·sJYl-ac·ement tJitg_!g:l.e~~es are :again shown in figu1--aes if..,,~ 
10 and 11. As seen in ~t.he p.revious t·raver 1se-, _ t11ere 
. __ ,. ........ ·- ·- --.---· - ·-----~ .....• ------ -·-·'-·-·· - ---,.•"""'."'":""···.-·--··-·~.-";"· ". -,·:--· .. ·--:-·:-::--:_·~----· , .• ·-:··· •• -··· -- ----~---· •. I 
is little d'iffe~r·e~c_,e_ b-etween- the value.s in steady stat,e.-: 
. I 
and the valu·es vv.ith oscillations.· Because the t.ransit.ion 
·occurs earlier vYi th superposed os-c-:illations,,. the 
b..011n:dary laye'r -is more turbulent at x == 6 iri. and t11.e. 
-22- ~ • 
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dis plac e;;:cn t t l! i c }.:.ne ~~ s is th ere fore :::r;io.11 er t 1,\rtn for 
tl1e t • 'f e ; i .,·i "\ f r,. ··t ~ I l l ..•. l ( • '. .. I C • t: l .. .J V < - l , f • , ( ~ lJ , .,. , ... ,.I l.- • 
r ,1 1' ·1 l··~ 0 • ' c·, 1· l ') ·t· -1· ('"' l'1 ···1. •11 -r'"' ] 1· .i.. ll d C , ..• ·•· 
.. .._ -- ....__J ... .,. • - t. ~ ._._ _ . -' .. <-- • , " • ., ~ • u c ~-"' V .. " 1 t . ·~. n . . , > - C'.4 ... , ... C OC1..-... tone) X ;, 0 
. 1n. uncl :-: = 3 il1. it; .... '·r .. ·1· ~1 ..... ·1 -~~o' '.:. :..,. ~ ...... ~ ::....-, ' j • c.,;.. ~ ~-~-~ L .. (__...-4,,, ,o.o•·"" ... ~ .. •=· .. .I' u C O r·1 .. · t· , ., r 1 ·". · - , c·· 1· • o (. · '"' t 11 -•• e ,,, • ,, ,ct I,; .,. "-'~.J 
duct. t1'1c ·-1c-·!J· OL'nd· ·1r 1 r ·1,)~,e1· .. ';·Jc,·i n·· .·n ...ur ........ h (~-... ___ ,, t. . l __ .- ... tr - .... L,.-1.1 ... _,; .__ ... - . ,~ - -
the ) )(.'1•1·11 -.:rc'1 0 ci· .; .. i, bo,i 11 dr·I"' 1 T 1°1.re . . -r.. '· i· -.r ••• I,.., l • •. V _... L, I I 1..,.,_. .J.. <..... J l. J... ,l -- • .'' J .I" .. = t. i .1 . tl1e s2.me 
type of bcl1~~~~",ii.01' tl1at \var_; ol1ser~1ec1 1Jci~ore can be observed. 
Due to tJ-1e fl1-J.1-~/ tur·bulent ; .. otior1 in tr1e bolJJ1d[iI':/ J8.~·rer 
it is n1uch more difi:icult to evc:1.lu[_\te phase sl1if-.s ... 4t 
the point of maxj rnwn oscillation amplitude tl1e phE~se 
shift is again app~oximately 90°. 
4.6. Analysis of the Travelling ·vvaves 
The existence of the travelling waves reported in 
section 4.3.2. is puzzling and should be analyzed. 
As a first step it will be shown that the existence 
of travelling waves requires a coupling between the 
boundary layer displacement thickness and the core flow. 
The second step is to look at the bel1avior of a 
- . 
laminar boundary layer near transition. using th.e . class.ical 
To·.11mien-Schlichting analysis. 'i 
4. 6 .1. Coupling Between Boundary· Layer b:t.sp.i-a.cement 
Th.i.ckness and Core Flow: 
. . 
·vvriting ·the incompres~ri:bl~ one <iim..ex1siona.l co:nt,inui:ty 
.e':q,ua t.ion:: 
:u A. ::::. u A·.··· ·u: · ·cc>:re·--veloc-ity.·. · ....... -1 fl . ·2 ·f2 · · · 
· · ... A . effective .flow area: 
.. _ ....... c .. ,, ....... ,, ....... ~ .... - ......... "''"""' .... ···-···,·~·~"·~•cc•"'"-·.··~-·, .. ~. ~--., .... ~~"'c"'=-:"·-. ··o·~-··:c--"""=·~c·::--·~~--· .,.,.--~--- ... =·===:•==-·~"·~~"'"="·' -···','" ' -" ' " 
" 
" \. ' 
( 
., 
1, 2 two locations· in the 
diffuser 
A: geometrical cross-s·ection~ 
A* displacement area of t~e' 
w~ll ·boundary layer 
-23~ I 
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Loolcine at a situation in which a small oscillatory 
co1npone11 t tl' is stlJ)Crno se d 011 t1'l c n1eu.11 vc ~Loci t y ii. tl1e 
follovvinrr; 8,Gst11~~nt ion ca11 be rnac1e: .\t · t}1c dii'f'.: ser tl1roat 
the bow1dar·y la;ycr i3 th.in; t]1erefore tl1e osci.lla.tio11 
has a necligible effect on the effective flow area. 
In the region wl1ere arnplification pl1enornena occ111~. 
the boundary layer is lare-e and tl1e po ssi bili ty of 
substantial changes in A* 2 exists. \ 
(ul + ul_)Afl = (u2 + u2)(A2 - A*2 - A*'2) 
A* 1 2 is the fluctuation in A*2 
I Us:ing the. fact that 
ul Afl = u2Af:2 
and assuming 
u' < < u ; A* ' 2 < < .A,2 
'Seccrn:d- order t-erms can ··be neglected •. '1.f:hen· vve o:btai':n.': 
u,fAfl = u2Af2 - u2A*' 2 
A._.· u 
u' = u I .. fl + A* ' . . . 2 .. 
2 l A_. '-f.· .. · -2. _ ._ · · . · . 2 A- .· .. ,f.2 
.,... 
Th.is resul.t .sho-w-s that the velocity cl:Ls-:turbance ·· at 2 
_9:a.n:. be produce.d either by in~et fl.o:w :di.sturbances or 
b.y, varia-p·i_,on i-:r1 t-he diffuser fl·o.w a.rea.: ,at the · 
.location 2:. 
-24- ... , .. _,·. "/ 
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Now let 
. t Aej (wt + ¢) u' = ueJw A*' -
' 
2 -l 
• {-1 
' J 
w frequency (rad/sec) 
t time ., 
. <p pl1ase angle 
then - -(u2) ·wt + A{u2 )ej(l..>t + ¢) u' - u _ eJ -2 ul Af2 
- -
-
u' - (u(:~)+ A(:!2)cos </>) + j ( A (:2 ) sin <p) jwt 2 - e f2 .. 
this can be written as 
j (wt + e) -
u2 = u __ e __________ ~~-------
-
- (u2 ) -J.12 
+ · l.!'- A sin 'l'_J 
- f2 
• 
tan e 
area ... :t·1uctuatio.n t:·o. m.ean. flow 
u. 
. . 
E = r~.t-:'i·o , 1·t1let··· f.l.uct:uati .. on .. ·-·amulitu·ae· to 
- .... 
-----·--.. --... ~-----.. ·-±m~e.t · · m1rs.n----r·1·o·w: .. · ve 1 o city 
·q2-.~· ---- ,. 
~. ;: .11. -. . ratio of t·he: .me .. an flow velocities 
· .. ···1 
.AR ==--
u 
.. 
', . 
aID:P.+~~~fication ratio of the velocity 
fluctuations 
..:.2 5-
:,..• 
., 
\1 
f 
AR :... + 0 /t:: cos O) 2 ·f ( 0 ;E: r; in p) 2 ·.,·. 
-~------· 
__ ,- .. 
') 
+ (f/·E)'· (a) 1 + 2 f /f CO S </J --
_ o /Esin ¢ 
- 1 + o/~cos rp tan e (b) 
The expression ( a) can be evalua.ted nurnerical.L~'-'. The 
dependence of 1\.J./cA on o/E: is sl1ovm i11 fir1:ure 25 for~ 
several values of the phase an~le ¢ • The nossible 
values are all ·located in a bar1d-lil·:e region. ·.ci-:~is shows 
that the phase angle¢ has only a small influence on the 
amplification ratio. The existence of amplification 
is not dependent on a certain value of¢. 
It is very interesting to evaluate what values 
of ~are required to get the observed values of Aft. 
(the amplification ratio of the core velocity 
fluctuations) 
The follow.ing measurements were ·made: 
One }1otv1ire ,) located at the diffuser throat.. recorded 
core me_an velocity and fluctuation amplitude,, the second 
hot wire, located downstream in the diffuser at the 
location of ma:ximum amplitu·de.,_ measured mean veloci t_y 
and fluctuation. ampli t_µde: -~11 the core ·and within t·he 
boundary layer. Oscilloscop.e· traces and data are :show.a 
in f.igure.s· ~6, 27 -and 28. 
. . 
Using data fro.rn ·t,he.se· :rr1easur.E)J11e.11t.s. tn:e m-~c-n.i tude 
·of .th·e disp·lacement area fluc,tua·tion re.qut~~ed to obtai:n. 
. , ..... ~ ·.·.... 
. .. 
• 
: ]:h.e :me:a_sUTe.d core _a.mplifi_g)a.tio·n: C-.an.- be .e:st .. _ima~t-e-d. ·.-~,.--; .. ,.,--'·-" 
··-···-- ------··-----·--·.-- ___ ·-: ... ___ . . . . ----~-------· .. ·---------~~--- . -----~-~- ····-··-
.,_ 
1'·. 
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a) usinf~ fi{1;t1re 26 
Re = 2. Ox 103 , St= 13 
cJ.. =- 0 • 7 ;:? 'J 
E: - o.oc;65 
AR ~ 4.36 (core) AR/~= 6.03 
o /e == 6 estimated frorn figure 25 
0 ~. 6 X t= == 6 X 0.06,.-,5 z 0.40 
,,.. 
The area fluctuation is around 40~6 of the mean 
flow area. 
b) using figure 27 
Re = 4.35 x 103, 
cA = 0. 782 
·.~ = 0.154 
;S·t· = .1:7.· ..• q; 
. . , ....... 
Ali = 3 .18 (core) Af<./d\ :::. 4. 06 
·-0 /<e: ·= 3. 5 estimated from figure . 25 
~ = o. 54 
.T.he area fluctuation is; :a·r.ound .5·4% of :t·:he ·m,Et~:i1. 
f.low area •. 
c·) ·us.ing· figure: .28 
R~ = 5.55 x 103 t $~ = 10.45 
.tA = o. 816 
', 
E: :::: 0.091 
AR =~ . 4. 4 7 (:C:O'l:~¢} .{l'b/·.N ...,. ·5· .· . )1.:7 ... ~l. ·.·· v,. :.,:- . . • 'f .. : 
0 /E: = 5 
Q :::: 0.455 
d' . . -- ....... - ----- .... ----·---~-.. - .~· .. ,,'·,·:;.-,._.::'· ' .... -------·'·--·- ... --~-.------ ···- -·------· ,,_, .. -- --- -----
.-~ 
.. 
The area fluctuation is ··-around. 4:5%: of .tl1¢ me-$;,+1 
flow area. 
. . 
. Thets·e values of_ the displacement· area fl.~ctuation·--a:r~e-.-· ·-·-·- --·· 
.. 
. ve>ry .substanti:al ·and ·therefore an analysis assuming 
stQ.all. fluctuations: is ·_·only an estimat:e.. ~ 
. From .. ,,.the analysi·s and the exper:im~-nt · fol-l..ot.i\tj.!:l.g 
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•• 
conclusion can be drawn: ,.!\.n at1plificatioz1 of t}1e fluc-
ttl<ttior1 ~-1;rrn1.i·tude i11 tl1c! c1i :C:f.'u.:.:c:r .. core r·cot1irc~J ~1 1,:irf.;e 
fluc·t1Jr~tio11 i11 tl1e dis·pJ_o.ceincr1t ar~c~:L of .. tr1e v1rtl.J . 
... 
4.6.2. Tollmien - Schlichting .Analysis 
The classical Tollmien - ;_)cl1lichting analysis 
on the grovvth of small disturba11ces i11 a stea~dy laminar 
boundary layer near~ transition predicts 8. r"'2.nt~e of 
frequencies, depending on the Reynolds nurnber. in 
which the disturbances will grow. 
In addition, observations reported by Loehrke, 
n1orkovin and Fejer (11) indicate that tl1e frequency 
of the spontaneous boundary layer instability can 
lock onto the forcing frequency imposed by the core 
oscillation. 
It is therefore of interest to check what frequency 
or wavelength will give the maximum amplification of 
Tollmien - Schlichting waves (for the given conditions) 
. . \ 
and to compare these values with the experimentally 
d.~termined wavelengths for maxi:mum. amplification in 
the core flow. 
The· results of the Tcllmien· -- ·Sch.lichting ·a.nalys·is 
are shown in figure 29 taken fro·m Schlichting ( 7). The 
symbols_ .. and v.a.riables, _.11sed in . .-trio.se. -figllr.e.s ... are. def.ined .. 
as follows: 
-.. -__.:---
~· ~ 5, 
,ie -- .· . 
~·.. --.:.;, . ·. . - --·· )) 
.. . . 
. Reynolds number ba.sed. on the boun·dar_y· 
layer displaceme~t thickness· ef 
- ' - -- --~- ' -- - -· ---~ ·-·~., ... ---... _ ... ,· •. -....... ---.. -~-~-- ·- -~--. - ,._ .....• , ..... ··- . ···- ..... ····----···-'''-' -----·- ___ ,_ ..... ,. - -· - - -·----· -··- --· ··-········ - -
u · _ · :. maximum ··vela c.i t.y m . . 
""\) 
- 61 
kinematic ~iscosity 
.boundary· layer displacement th':1,cknes::s 
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-·· - •,: .: .'."'. 
• 
!I'· ' 
.f 
S 2 du 
rn 
- ~=--·-
- =.\) clx formparameter of tl1e boundary layer 
bo1lndr1r·y layer thicl(ness 
~ wavelength of the wave 
From tl1e lower fir;ure can be seen that for a given 
'{eynolds nu1Jber tl1e rnaxiE1tirn amplification occur~) 
approxi1.1.ately mid.\'vay betvvee11 ·tl1e upper and the lower 
bound of the unstable region. 
The following procedure will be used to calculate 
the Tollmien - Schlichting wavelength:. 
First, the boundary layer forn1parameter \vill be 
estimated from the available data ( figures l~-, 15 .16, 
. 20, 24) at tl1e location \vhere maximum arnplification 
occurs. Then the displacement thickness at that 
' .. location can be foW1d from figures 10 and 11. This will 
• give . the boundary layer .-~eynolds number • The wave-
length can now be found from figure 29. 
The calculation will be done for Re= 4.54 x 103 
because a detai.led boundary layer ·traverse is available 
for this value .• The ,axial location -cho:sen is x. = 6 
f3hortly bef·9re ·tr~ansj..tion. 
,T·he ·f<)l.lowing· dat,a ·wil.l b.e: ·.:use·:d:;, 
,R:e. = 4. 54 X 103· 
. in., 
4. - 4.9 ft/sec 
·G 1 - --- .,. __ .. _ ... _ ...... .. _ _ _ __ _ _ ___ _ .. ___ ........ _ ............ -........ .-, .... _ .. --, ... :,_ ....... , ......... -., .... ,_ .. ---- _ ... .,: ..... ,..... ... ___ .... ,. __ ......... _._ .· ... .-- __ . 
· 8~-./D ==· 0 ~ 12 5 (figure 1·:1) 
&: ;:: 0.40 in (figure 20) 
- - - -·· . ___ ., .. -- - ~ .. - . - -- - ... -~- -
~~..-"--·u ........... n1 ___ ,,, __ ~ __ o_. _9 _ _ ~---~-cl --==~·-:.~::-~~~=i::~··-=-.:4 • .52----f'.t,/'se:t!-.. --c--~-- -=-····•: == •··~--····-.:. 
:du . -0 • J X 4 • 9 
. m. 
. ' -dx -
}): ~ 
. 
, . 
1 
-6 160 X 10 
1/sec == 
ft 2;--· -_ ·e:c s ' 
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- 1.47 1/se,c- (figure 14) 
... 
"'4' ...... •· ... 
.• 
., 
'"x 
· .. ·" 
•• 
Formparameter: 
\. '2 du 
0 Ill A :;. V c1x 
... 
= - 10.2 
The boundary layer is close to separation. 
Reynolds number: 
um 61 
Re =- ---
'I) = 590 
from figure 29: 
ex = 
0.4 
0.4 
6", 
··j\. = _2_~_ 
CA 
J\ /D == 1. 9 
estimated for maximum amplification 
--· 1. 6 1/in 
~ 3.9 in 
This value compares well to t·he wavelength mea.:sure.d •. , 
(from figure 17) 
?\ /l) = 1.9 for Re = 4.54 :x: 103 
,. 
'.E.h.i.s :r:esul t shows that the travelling· w:ave:s o·b·-se.rved in 
t_he diffuser core have· approximately th.e sa_me·. wavel·en.g.th 
. •· 
_as :T:ollmien ~ Schlichting waves at the maximum 
amp·l.ifi.cation condition will have in the boundary l:ayer. 
I.t. is therefore possible that there is~. an interaction 
'between the boundary layer· .and the co.re_ flow throur;h 
some kind of resonance p·h:en.o·meno·n·. Together with the ~- ~---
·variation. o·f the osci.llatio:n arnpli tude a.rid phase w:j;t:h.-in 
t:h-·.e boundary layer tl.1t$· s.een1s t-o create the· large 
•,ampli·f.ic·~t-i.on of t.he centerline amplitude. At the 
. . ..·. -, .. -... ·moment -ah_. anal ·t·r·,5a:1··-·-·"a·--~: ··ro·acli·-··-t'ii ... -ex lain -t-hese·' 'nherionem: "'"''. 
____ ......... ,----··-···"·····-·-----.. ·------ ------~-----~-- y pp p - -- ··;J..· .. ,--... ·--c---.-·:-·-:·--,-- .. -· .. 
. 
. 
- ---- ---
.. .. .. ; .. - -", ·-----~~----1ra.s no t--w.en developed. 
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4. 7. Sumrnary 
The re:suJ_ts of the inve~Jtir;ation of the tmsteady 
flow C ~':i)'l ·1)- l'' "'l1 ii1TY1r.J1·•1' '"e·- (i1' "lC'_ 1-~oJ j 0 1"' _• • """W ,. 1-. ) .{. • .. " .. ;,, • L..._ •. ,..,J ~ • (.~ a.._l ... _ • f .. __ ) a 
Ii'or· cc r't :1.1. r1 f'lo r, c 011di ti on;-3 in tl1e di f:fus er a very 
larr:e a::1nlj_i'ic:.:1tion of the .inlet centcrlir1e FtrnT1litL1cic "-.,· .... 
can be ol1:]C.l'\red. 'l1}1is amn]_i_ficat~1-on at tl1e cer1te1~J.i11e 
·' 
is COUT)~Leci i_'Ii th a11 o..nnJlifi ca.t ion of -t11e :::Lrnnli tL1cte 
'~-
within the mean velocity boundary layer. The oscillation 
in the boundary layer is 90° out -0f phase with the 
core oscil~ation. 
- . The following characterization of the flow condition 
in the diffuser can be given: 
Amplification will occur only when transition from 
laminar to turbulent flow takes place within the 
divergent part of the diffuser. It seems that the 
existence of a certain minimum length of laminar 
boundary layer is essential because the amplification o·f 
~ 
the core amplitude is related to the existence of 
Tollmien - Schlichting waves within the laminar boundary 
layer. Maximum values of the centerline amplitude will 
·be obtained for a const-ant value of th.e dimensionless 
,frequency parame-t er, t.he Strouhal number. 'I'hi.$ ,,,.a11:1-e 
.it3 independen:t of the .flow 11.eynolds :numb.er· ... : 
./ 
':.,- -
-3l-. 
J. ,Q 
f 
'\. 
, I 
--
' 
T }1 e v Io r J( :c e no r· t e d i r1 t r1 i s t h c : ; i ~-; t r e a t : ) o r1 l v one 
t., 
asnect of o<··cJ· ·L 1·-t·1·01 ..... ·1· 11·tc '.·~,1 ... 1·1 
• ) . . . •- C l1 ,. Y . . ... 4 L,. . . 
- (_ 
f ]_OVID 2.dve I"S C 
pre:;~ ~,11·e 
.. 
. . 
· · 1 v ·; · · .. · o .,.,, c n e \'l 1 ""1 ,., ·1 
t~ ' _ _.. ,._.. .. .J .... ~J ~ l 1 .... - l ~ ) - . h -~- ,· · ·1· l'.1 t n, e 
.. ... lJ •. ,J s J . 
beho.vior· of oscillatory i'J_ow in tl1c p1·cser1ce of 
tr'arisi tion frotJ laminar~ to turt)ule}1t i'lo·.-i1. .)everal 
int e r' e ~:: t i 11t( pl 1 c 11 o 1 !le n a ~: c--:. ,1 e be en J' o un d . but 11 o t a 11 
of them could be uxnlained. No exnlanation could be 
.;_ -'· 
. 
found ,for the a.,_11pearance of a thi11 layer near the wall 
oscillating with twice the excitation frequency in a 
boundary layer 11eaI, transition. ( reported in section 
4. 5) Furthe1" wort:: to ii1vesti,gate this phenomenon is 
needed. A second phenomenon needs further investigation 
also. The fact that the amplification of the centerline 
oscillation amplitude continues to grow and reaches 
its peal{ value after transition to turbulent flO'/, has 
taken place and the flow is fully· turbulent ( reported 
in section 4. 2, figures 14 ,.15) could not be explained 
s:11.fficiently. This is partly due to t·h.e fa.ct that there 
.have been no investigations on the behavior of a 
turbulent boundary layer with superposed oscillations ·. 
irt art adverse pressure gradient. Thi~ topic seems to 
b.e. c.t. 1,ogical extention of the worl{ repor-ted here and 
it· is planned to continue wo.rlr i:n th·is dir·ect:io·n~.· 
.v 
.. .., ~- ' .•.•.. - • ..; : ··-··::• •• , -. '•' ,• ·-.··· --~-..-·· ';' - • ·!"' : .... ·• •· .•. ' -·· .. 
0 -··-•M•'·---~--~~. • •·-'" . - , . .; __ , ___ ,' -·»' •.• 0 "• . 
;•. .  
• ·,1 
"' .. . .~ . . '' '", - ·, - .. - . ' :.f ,. . . . ' . - -. . . 
. - .:: -~ 
• -" f 
• 
./ 
1 
- 29 
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